Abstract-This paper investigates two ways to improve the radiation efficiency of an electrically small antenna loaded by a capacitor. The first one consists in enlarging the antenna strip width in order to lower its loss resistance. The second one focus on optimizing the loading capacitor used to lower the resonant frequency by mixing a discrete and a coplanar twin strip capacitors. The two studied parameters have a strong impact on the radiation efficiency as the antenna is electrically small.
I. INTRODUCTION
Electrically Small Antennas (ESAs) have been of interest for decades since early works by Wheeler [1] and Chu [2] . Most recent studies focus on antenna miniaturization while keeping low the Q-factor in order to maintain the bandwidth [3] . However, in the ever growing context of the Internet of Things, and especially Wireless Sensor Networks, low power sensors that transmit only a few packets of data have become necessary. Thus, it brings the need for miniature antennas with high radiation efficiency but with no tradeoff regarding the bandwidth and so the Q-factor [4] . In this paper, we present two different techniques aiming to improve the radiation efficiency of an ESA. The first approach consists in modifying the antenna strip width to limit the antenna loss resistance while the second one lays on the use of discrete capacitor components instead of the distributed one. In section II, we first introduce a miniature antenna design inspired from IFA. Then, the section III presents the two different approaches to improve the radiation efficiency of this antenna.
II. ELECTRICALLY SMALL ANTENNA DESIGN
The considered antenna is presented in Fig. 1 . It is a balanced antenna that operates at 433 MHz whose outer diameter is 50 mm ( /14) and copper strip is 1.6 mm wide etched on a low loss dielectric substrate (RO 3003). It combines different miniaturization techniques. The two /4 arms are circularly folded to comply with the Chu form factor and they are terminated by a coplanar twin line capacitor to artificially extend their lengths and substantially lower the resonant frequency. Finally, the short-circuit is used to match the antenna input This work was supported in part by the French Research Agency (ANR) under the "SENSAS" project (ANR-13-INFR-0014).
F. Sarrazin was with the CEA-LETI, Grenoble, France. He is now with the ESYCOM laboratory, Champs sur Marne, France (e-mail: francois.sarrazin@u-pem.fr). impedance to 50 ⌦. The antenna is simulated with ANSYS [6] and measured using a differential measurement setup [7] . Simulated and measured input impedances are not shown here for brevity but are in very good agreement. The simulated radiation efficiency is equal to 44 % while 39 % are obtained from radiation measurement performed in anechoic chamber using the differential probe and a compact RF to optical transducer to minimize the influence of the measurement setup.
III. RADIATION EFFICIENCY IMPROVEMENT
In this section, we investigate two different ways to improve the radiation efficiency of the considered antenna.
A. Strip width enlargement
In this part, we change the copper strip width in order to modify the antenna loss resistance and thus optimize the antenna radiation efficiency. Indeed, the loss resistance R loss of a dipole antenna (assuming a sinusoidal current distribution) is given by
where l is the dipole length, ! the angular frequency, µ 0 the free space permeability, the material conductivity and r the dipole radius that is equivalent to the strip width for our planar case. Thus R loss is inversely proportional to the strip width. Several strip widths from 0.1 mm to 4.1 mm are considered in simulation. For each configuration, the length of the capacitor is adjusted in order to keep the resonant frequency the same. Three configurations have been realized and measured: 0.6 mm, 1 mm and 1.6 mm, as presented in Fig. 2 . The antenna radiation efficiency is presented in Fig. 3 as a function of the strip width. We can see that it increases up to 53 % for the thickest strip width. We can also notice that this maximum value is obtained from 3.1 mm and there is not much variation for thicker strip, as parasitic effects between the antenna and the capacitor appear.
B. Capacitor
The significant role of the limited conductivity of the copper stripline suggests to replace the twin line capacitor by a discrete CMS-like capacitor and to study the influence of the Equivalent Series Resistance (ESR) of such capacitor on the antenna radiation efficiency. For the antenna whose strips are 1.6 mm wide, the original twin line capacitor of length 22 mm (Fig. 4e ) is equivalent to a capacitance of 0.87 pF (Fig. 4a) . We also consider three intermediate cases where the two types of capacitor are placed in parallel to obtain a constant capacitance of 0.87 pF (Fig. 4b to Fig. 4d ). The simulated radiation efficiencies obtained for the five different configurations are presented in Fig. 5 as a fonction of the ESR from 0 ⌦ to 1 ⌦. The case "22 mm" is constant to 44 % as a function of the ESR as there is no discrete component for this configuration (twin line capacitor only). As expected, for an ESR equal to 0 ⌦ (lossless discrete capacitor), the radiation efficiency is the highest for the purely discrete capacitance. Then, the radiation efficiency decreases as a function of the ESR but with various slopes. Thus, it is possible to find the right combination that can improve the original radiation efficiency. For example, for the 15 mm case, the radiation efficiency is higher than the 44 % for all ESR up to 1 ⌦. IV. CONCLUSION In this paper, we presented two approches to improve the radiation efficiency of a miniature antenna. Simulation and experimental results demonstrate the capabilities of the efficiency enhancement for constant antenna size. The fundamental laws of ESAs remain nonetheless verified because the efficiency increase is obtained at the expense of the bandwidth.
